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A relatively simple technique to realize a III–V semiconductor based quasi-three-dimensional
photonic crystal material with a refractive index contrast;2 is described. Fourier transform infrared
spectroscopy measurement reveals a stop band between 15 and 20mm for a sample with scattering
center spacing of 6.3mm. Another narrow transmittance dip is observable in the wavelength range
of 1.1–1.58mm, with an attenuation of 12 dB at 1.18mm. The relation between transmissionT and
waveguide lengthL, as measured by 1.15mm wavelength light is eitherT2L22 or T









































s-Coherent multiple scattering of light in a disordered ph
tonic medium can lead to light localization~a greatly reduced
photon transport velocity! and the propagation of light in a
ordered photonic crystal can lead to the formation of a p
tonic band gap~PBG! characterized by stop and pa
bands.1–5 Such photonic gaps have been observed in tw
and three-dimensional~3D! metallic, dielectric, and acousti
structures.6,7 Most of these structures are at the macrosco
level. Recently photonic gaps have been demonstrated in
con and GaAs-based nanometer scale ‘‘woodpi
structures.8–10
There are several seemingly insurmountable challen
first and foremost, it would be desirable to realize the p
tonic crystal with III–V direct band gap semiconductor
such as GaAs, AlGaAs, InP, InGaAsP, etc., in which
radiative efficiency is high. It is also desirable to create
medium. Second, the refractive index contrast needs to
large, and the spacing of the dielectric scatterers should b
the order ofl/n in these materials,2 or kl >1, wherel is the
vacuum wavelength,n is the effective refractive index of th
material,l is the photon mean free path, andk is the wave
vector. Finally, for some applications, it may be desirable
delineate waveguides on which contacts, or electrodes,
be formed. Above all, the processing technique should
relatively simple and reproducible.
We report here a relatively simple technique to realiz
III–V semiconductor based quasi-3D photonic crystal
which a single epitaxial growth, Zn diffusion, wet oxidatio
and conventional processing steps are used. Due to the
ture of the diffusion process, the nonuniformity of the sc
terer size introduces a weak disorder3 in the crystal. We have
fabricated waveguides with the photonic crystals and h
made transmission and Fourier transform infrared spect
copy ~FTIR! measurements on these samples.
The photonic crystal is made with the heterostructu
shown in the inset of Fig. 1, grown by molecular beam e
taxy on a~001!-oriented GaAs substrate. After growing a 0























layer, and a 0.5mm GaAs etch protection layer, the activ
region is grown. It consists of a 1mm thick layer of
Al0.98Ga0.02As followed by six periods of 0.18mm of
Al0.8Ga0.2As and a multiquantum well~MQW! region. The
latter consists of 20 pairs of 20 Å GaAs and 150
Al0.8Ga0.2As layers. The total thickness of the active regi
is 3.14 mm. A protective 200 Å GaAs cap layer is finall
grown. The entire heterostructure is undoped.
A 0.1 mm thick layer of SixNy is first deposited on the
surface of the grown heterostructure and patterned into
cular disks, to form a centered hexagonal pattern, by s
dard optical lithography. The center-to-center spacinga is
6.3 mm. The deep zinc diffusion step is carried out with
ZnAs2 source in an evacuated quartz ampoule at 575 °C
90 min. Impurity-induced layer disordering11 takes place se-
lectively in the MQW regions through the openings betwe
the SixNy disks and converts it into a uniform Al0.78Ga0.22As
alloy. Ridges of width 30mm and length varying in the rang
of 600–1800mm are formed by standard optical lithograph
and a combination of wet and dry etching. The sample
FIG. 1. Low temperature~17 K! photoluminescence spectrum of the GaA
based heterostructure grown by molecular beam epitaxy~shown in the inset!























































1671Appl. Phys. Lett., Vol. 75, No. 12, 20 September 1999 Bhattacharya et al.then inserted in an open-tube quartz furnace and wet ox
tion is performed at 450 °C for 15 h by flowing N2 saturated
with water vapor by bubbling it through a water bath held
95 °C. Both epitaxially grown Al0.98Ga0.02As and intermixed
Al0.78Ga0.22As regions are uniformly oxidized to form th
insulator AlxOy .
12 It may be noted that under the hydrolys
conditions used, the thin 150 Å Al0.8Ga0.2As layers within
the nonintermixed MQW regions are not oxidized, beca
the oxidation rate13 is negligible for this thickness. We hav
now created a photonic crystal in which small MQW regio
of average refractive index;3.55 are embedded in an AlxOy
medium of refractive index;1.5.14 The index contrast is
therefore.2.0. A disadvantage of this process is the cons
erable lateral diffusion of zinc during the deep diffusion ste
It is estimated that the scattering center radiusr varies in the
range of 0.15–1.5mm. The GaAs substrate is finally re
moved by selective wet etching and the waveguides
mounted on glass substrates. Similar processing steps
been used15 to form a 2D photonic lattice. The scannin
electron microscope~SEM! image of the waveguide alon
with a schematic is shown in Fig. 2.
It is important to understand the nature of the fabrica
crystal. If the diffusion was perfect~no lateral spreading!,
then the structure would be a set of centered hexagonal h
index rods, with periodic gaps, immersed in the low ind
Al xOy . However, because of the considerable lateral dif
sion of Zn with depth, there is a variation in the size
MQW regions with depth. We therefore choose to descr
our structure as a quasi-3D, or weakly disordered crysta
may not have true 3D photonic band gaps but should d
onstrate stops bands.
Low-temperature photoluminescence spectrum of the
grown heterostructure reveals a peak at 702 nm~Fig. 1!,
which originates from the MQW regions and confirms t
high quality of the sample. Surface normal~z direction!
FIG. 2. ~a! Schematic, and~b! SEM image of GaAs-based PBG waveguid
made by Zn diffusion, wet oxidation, and etching techniques. The MQ
scattering regions are faintly visible in the SEM image. SixNy disks~reduced















FTIR was performed at room temperature, in the wavelen
range of 2.5–25mm on samples in which the GaAs substra
was thinned down to 100mm and polished. Since the bea
size ~;5 mm! is much larger than the waveguide widt
samples with several parallel waveguides were used and
mal incidence~from the top! was employed. The measure
spectrum is shown in Fig. 3. The spectrum is normalized
the measured spectra of the GaAs substrate and AlxOy of
thicknesses identical to those in the photonic crystals
transmittance dip between 15 and 20mm is observed, which
fits reasonably well with the results16 of a 2D crystal scaled
from the microwave measurements, with the parameter
our structure, using a simple scaling factor of 1146~the ratio
of center-to-center spacing of high index scatterers!. This is
also shown in Fig. 3. The smaller and wider transmission
in our measured data compared to the reference results, c
be due to the scatterer size nonuniformity in our crys
Transmission spectroscopies on both surface normal~z direc-
tion! and waveguide~y direction! were also done in the
wavelength range of 0.9–1.6mm with a photomultiplier or a
Ge detector. Again, the measured data were normalized
respect to GaAs and AlxOy . The measured spectra are al
shown in Fig. 3, with a 12 dB attenuation at 1.18mm along
the z direction. A transmission peak is also noted within t
stop band in they direction. The exact origin of the secon
gap at the lower wavelength is not fully understood, but
presence is confirmed with measurement in two orthogo
directions. Similar gaps have been theoretically calculated
Maystre et al. in photonic crystals composed of dielectr
rods in air or air holes in dielectric medium17 and have been
attributed to grating effects due to Wood’s anomalies. Th
authors18 also observed the introduction of doping, or d
fects, in the lattice produced states in the gap, like the
observed by us. It must be remembered that we are pres
ing a technique which could potentially be useful for real
ing semiconductor-based 3D photonic crystals. In the cry
reported here, the perfect periodicity is destroyed by proce
induced nonuniformity of the scatterer size. These asp
are under investigation.
FIG. 3. Transmission spectra show a stop band between 15 and 20mm
alongz direction for a PBG material witha56.3mm, r 50.15– 1.5mm, and
index constrast of 2.36. Also shown are the stop bands around 1mm mea-










































1672 Appl. Phys. Lett., Vol. 75, No. 12, 20 September 1999 Bhattacharya et al.In order to investigate possible light localization due
the observed defect states, we have measured the tran
sion coefficientT as a function of waveguide lengthL. The
GaAs substrates were completely removed in these sam
in order to eliminate mode leakage into substrates. T
cleaved facets of waveguides, varying in length from 0.6
1.8 mm, were end fired with TE polarized light from a 1.1
mm He–Ne laser and the guided~transmitted! power at the
output was measured with a power meter. We did not
serve any evidence of light leaking into the thin AlxOy sup-
porting layer underneath. The measured data is shown in
4~a!. A distinct exponential decay of the transmission w
waveguide length is observed and assuming that the dec
;exp(2L/Lloc), whereL loc is the localization length, a valu
of L loc50.4 mm is extrapolated. We have also fitted the sa
data with aT2L22 dependence in accordance with the sc
ing theory of localization at the localization transition.3,19,20
The fit is shown in Fig. 4~b!. For aT2L22 dependence, an
average transport velocityv53.813107 cm/s is estimated
assuming an average mean free path of 1.73mm. The phase
FIG. 4. Measured transmission of end-fired 1.15mm light through
waveguides~y direction! as a function of guide length. The polarization
the incident light is parallel to the heterostructure layers. The meas
transmission is fitted to:~a! exponential and~b! quadratic variation with










velocity for this device, derived from a geometrical opti
estimation with a fill factor of 0.26, is about 1.5
31010cm/s. Therefore, it can be said with some caution t
light localization occurs in our samples, possibly due to
localized defect states, observed in the transmission exp
ments.
We demonstrate here a processing technique with wh
we have created a quasi-3D photonic crystal. Work is
progress to improve the size uniformity and scale down
scatterer spacing by using electron-beam lithography
better controlled disordering techniques. Although it may n
be immediately possible to produce symmetric fcc
diamond-like lattices, other lattice types such as simple cu
or hexagonal can be realized after eliminating the proce
induced size nonuniformity.
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